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We have measured electron impact ionization (EII) of the beryllium-like ion S12+. The use of an isotopically
pure A = 33 beam of S12+ ions is established as a method to eliminate all metastable levels, including the
extremely long-lived metastable level 2s2p 3P0, which, for this isotope, decays by hyperfine-induced radiative
transitions. The energy dependence and absolute size of the EII cross section were measured from the resulting
pure ground-state population at energies from below the threshold at ≈ 652.2 eV up to 3000 eV. These data
provide an experimental benchmark for theory.
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I. INTRODUCTION
Accurate cross-section data for electron impact ionization
(EII) are needed to interpret the spectra of collisionally ionized
plasmas both in astrophysics [1,2] and in the laboratory [3].
Spectroscopic diagnostics of such plasmas rely on accurate ion
balance calculations to determine the electron temperature,
electron density, and elemental abundances [4–6]. These
charge-state distributions are determined by the balance
between EII and electron-ion recombination. Collisionally
ionized plasmas are formed in stellar coronae, supernova
remnants, galaxies, and the intracluster medium of galaxy
clusters, as well as in tokamaks and other laboratory plasmas.
Accurate EII data for every isoelectronic sequence are needed
to reliably interpret spectra from all these systems.
Currently, only a small amount of the needed atomic amount
has been obtained experimentally and most come from theory
[1,2]. EII theory is complicated by the need to account for
two outgoing electrons in the continuum and typically also by
the complex atomic structure of the initial and final systems.
Approximations are needed in order to make the theory
tractable, but the associated uncertainties in the calculated
cross sections are difficult to assess. In this situation accurate
experimental benchmarks are vitally required in order to be
able to judge the quality of the various theoretical approaches.
Obtaining the necessary data is particularly difficult in
the case of beryllium-like ions because measurements almost
always involve a large population of ions in metastable levels.
Essentially all production methods generate Be-like ions with a
large fraction in excited states. The triplet states mostly cascade
down to the 2s2p 3P0,1,2 levels. Compared to the 2s2 1S0 ground
state, often more than 50% of the ions are in the 2s2p 3P levels.
Of these the 3P0 level is especially troublesome because it can
only decay by forbidden two-photon transitions combining an
electric and magnetic dipole decay (E1M1), giving it a lifetime
of the order of days to years [7,8].
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Because Be-like ion beams are so strongly affected by
metastable contamination, much work has focused on deter-
mining the metastable fraction in the various experimental
studies. This can then be taken into account in the interpretation
of the results and in comparisons to theoretical calculations.
For resonant processes, such as dielectronic recombination
[9,10] and photoionization [11], resonances associated with
the metastable 3PJ levels can be identified, allowing the
metastable fraction to be inferred using theoretical calculations
as a guide. Such methods, though, are not an independent test
of theory.
For EII studies, an indirect method for measuring the
ground-state cross section is to vary the metastable fraction
in the beam and extrapolate the ground-state cross section
[12]. However, it is difficult to reproducibly manipulate the
metastable fraction. One can also determine the metastable
fraction directly by passing the beam through a helium gas
cell as a function of the gas density [13]. The ground-state
and 3P levels have different electron capture cross sections
so the attenuation rates for the ground-state and metastable
components of the beam are different, allowing the metastable
fraction to be inferred. However, it is not possible to quantify
the population of the various J levels. This method is also
limited to low-charge states where the ground-state and
metastable capture cross sections differ significantly [13].
Thus, for EII measurements on most Be-like ions it is
not possible to directly measure the metastable fraction.
Theoretical calculations involving a sum of ground-state and
metastable cross sections can be compared to the experimental
results to help estimate the metastable fraction [14], but such
methods cannot be used to test theory.
We are aware of only one previous method developed
to generate pure beams of Be-like ions. That approach was
used for performing electron capture measurements [15]. A
Li-like ion beam was passed through a gas cell to generate a
Be-like beam through electron capture. Due to conservation of
energy, the kinetic energies of the resulting ion beams differed
depending on the energy of the level into which the electron
was captured. An energy analyzer was used to select out the
desired electronic term. The selected ion beam was then passed
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through a second gas cell to measure the capture cross section.
This method, however, could not separate out the different
metastable 3P levels and has only been used for relative cross
section measurements.
Here we have performed ion storage ring measurements
of S12+. Sulfur is cosmically abundant. S12+ is commonly
observed in solar active regions and provides many useful
diagnostics for solar physics [16]. For our measurements
we used the 33S isotope, which has a nuclear spin, whereas
the more abundant 32S does not. The resulting hyperfine
interaction induces a mixing of the 3P1 and 3P0 levels,
decreasing the lifetime of the 3P0 level [17]. In the absence of
such mixing, the 3P0 level has a lifetime of 6.3 × 106 s [7]. But
the lifetime for 33S12+ has been calculated to be 10.7 s [18,19]
and measured in connection with the present work to be
10.4 ± 0.5 s, where the uncertainty is given at the 1σ level [20].
The 3P1 and 3P2 levels decay radiatively with the much shorter
lifetimes of 9 × 10−7 and 6.9 × 10−2 s, respectively [16].
Performing the experiments with an ion storage ring therefore
allowed the ions to be stored long enough before data were
collected for all of the metastable levels to radiatively relax
to the ground state. Hence, our results provide unambiguous
measurements of EII from the ground state of a Be-like ion.
II. EXPERIMENTAL METHOD
The experiments were performed using the TSR heavy-ion
storage ring at the Max-Planck-Institut fu¨r Kernphysik in Hei-
delberg, Germany (Fig. 1). The procedures used here closely
follow those described in Refs. [20–23]. The measurements
proceeded in two steps. First, the 33S12+ ions were injected
with an energy of about 56 MeV into the TSR, where they
were merged with two electron beams, called the Cooler and
the Target, each in a different section of the ring. Initially both
electron beams were operated in modes designed to reduce the
energy spread of the stored ions, commonly called electron
cooling. The cooling cycle lasted 30 s, during which time
metastable levels could radiatively decay to the ground state.
The initial fraction of ions in the 3P0 level has been estimated
to be < 10% [20]. The associated lifetime of ≈ 10.4 s [20]
is orders of magnitude longer than that of any of the other
FIG. 1. (Color online) Diagram of the TSR heavy-ion storage
ring. See text for details.
metastable levels, resulting in a metastable fraction in the
beam after 30 s of < 0.5%. Collisions can also excite ions
from the ground state into a metastable level throughout the
measurement cycle. Based on the collision strengths [16] and
typical electron and residual gas densities, we estimate that the
excitation rate to the 3P0 level was less than 10−4 s−1. These
collisional excitations were balanced by the hyperfine-induced
transition rate of ∼ 0.1 s−1, which implies a collisionally
induced steady-state metastable fraction of  0.1%.
After cooling, electron-ion collisions were studied by
scanning the Cooler electron energy, while the Target energy
was maintained at cooling. Ions that underwent ionization
or recombination while passing through the Cooler electron
beam were deflected by a dipole magnet downstream of the
interaction section. Charged particle detectors intercepted and
counted these product beams with an efficiency of nearly
100% [20,24]. The background rate due to electron stripping
off the residual gas was measured at a fixed reference energy
in between each step of the measurement energy scan. For
E > 1400 eV the limited dynamic range of the high-voltage
power supply used to scan the electron energy prevented
the reference point from being set below the EII threshold.
Consequently, the reference rate for E > 1400 eV includes
some counts due to EII. For these scans the background rate
was inferred by combining the reference count rate with the
EII cross section determined from the lower energy data.
The EII cross section σI was determined by normalizing the
background subtracted count rate by the electron density and
the number of stored ions in the interaction region. The electron
density was determined from the measured current and known
geometry of the Cooler electron beam. The estimated 1σ
uncertainty in the electron density is about 3% [25]. The
number of stored ions is proportional to the ion current, which
was measured using a beam profile monitor (BPM) [26].
The BPM calibration depends on the residual gas pressure
and electronic drifts and tends to vary on a time scale of a
few hours. We periodically cross-calibrated the BPM with
a dc transformer [27] using currents of up to 35 μA. The
dc transformer has a stable calibration but cannot accurately
measure the small, ∼ 1–10 μA, range of ion currents present
during measurement. The estimated 1σ uncertainty on σI due
to the ion current measurement is ± 15%. This uncertainty
only applies to the normalization and does not affect the shape
of the cross section as a function of energy.
Distortions of σI due to pressure fluctuations during the
measurement were corrected for using the recombination
detector signal as a proxy for the pressure as described in
Ref. [21]. Here, the magnitude of the correction below 1400 eV
was about a factor of 1.07 with a 1σ uncertainty of about
± 1%. Because our method of correcting for the pressure
fluctuation requires that the reference energy be below the EII
threshold, it could not be applied to data with E > 1400 eV.
Thus, we estimate that there is an additional ≈ 7% systematic
uncertainty in σI at these higher energies. Table I summarizes
the various experimental uncertainties.
III. RESULTS
Figure 2 shows the EII cross section for S12+ forming
S13+ over the experimental electron-ion collision energy range
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TABLE I. Sources of uncertainty.
Source Estimated 1σ uncertainty
Counting statistics 1%
Ion current measurement 15%
Electron density 3%
Pressure fluctuationsa 1% (7%)
Quadruature sum 15% (17%)
aThe 7% uncertainty applies only to data for E > 1400 eV, where the
correction for pressure fluctuations could not be applied.
500–3000 eV. The measured cross section is essentially 0
below the threshold at ≈ 652.2 eV [28] for direct ionization
of one outer 2s electron and rises steeply at higher energies
until it reaches a maximum at E ≈ 1700 eV. At an even higher
energy of ≈ 2400 eV the cross section exhibits a step-like
feature which appears on top of the smooth energy dependence
due to direct ionization. This step is attributed to excitation-
autoionization (EA), a process that involves electron-impact
excitation of at least one inner-shell electron to a multiply
excited configuration which subsequently autoionizes. Exci-
tation to 1s2l3 configurations can occur above ≈ 2410 eV
and to 1s2p23l configurations above ≈ 2785 eV [1].
In Fig. 2 the 1σ statistical uncertainties are indicated
by error bars and the overall 1σ systematic uncertainty is
illustrated by dotted lines. The experimental cross section is
compared to the theoretical cross section of Younger [29] used
in ionization balance calculations [30,31] and to the distorted-
wave calculation of Dere [1]. Both theoretical cross sections
consider the direct ionization channel and agree well with the
measurement. The Dere [1] cross section additionally includes
EA, and the predicted energy thresholds and magnitude are
very close to the experimental results.
Agreement in magnitude to within the 15% systematic
uncertainty is state of the art for ionization cross-section work.
For example, we have found discrepancies of about 25% for
FIG. 2. EII cross section for S12+ forming S13+. Circles indicate
experimental values and smaller error bars show the 1σ statistical
uncertainty. Dotted lines illustrate the 1σ systematic uncertainty
limits. Experimental results are compared to the theoretical cross
section of Younger [29] and to the distorted-wave calculation of
Dere [1].
other systems [22]. Theoretical calculations for Be-like ions
predict that the metastable EII cross section can be 1.3 to 2
times larger than the ground-state cross section [13,29]. Thus,
hyperfine-assisted state preparation to remove metastables is
critical in order to provide a benchmark at the current high level
of accuracy. We emphasize that the experimental systematic
uncertainty is essentially a scaling factor and so the cross
section’s energy dependence is measured to an even greater
accuracy than its magnitude.
IV. DISCUSSION
The behavior of the cross section near threshold also
supports the hypothesis that EA contributes to the cross section
of Fe11+ and Fe12+ near the ionization threshold [22,23]. We
found that the cross sections for Fe11+ and Fe12+ rose more
rapidly near threshold than predicted by theory. Two physical
effects could account for this discrepancy. These ions have a
3s23pq (q = 2,3) configuration. One possibility is that a 3s
electron is collisionally excited to a state that relaxes through
autoionization of a 3p electron, a process that is not considered
in the published theoretical calculations. The other possibility
is that the enhancement is an artifact of the experiment. If a
bound electron is collisionally excited to a high enough energy
level, it could then be field ionized by the motional electric
fields experienced by the ions as they travel through the TSR
magnetic fields. A semiclassical estimate [32] showed that this
could occur for excitations to n  44 for Fe11+ and n  50
for Fe12+. In the case of S12+, EA is not possible near the
ionization threshold, but field ionization could still occur for
excitations to n  64. However, we do not find any significant
increase in the cross section near threshold. This suggests
that it is EA, and not field ionization, that causes most of the
enhancement in the earlier Fe11+ and Fe12+ measurements.
An alternative theoretical explanation for the discrepancies
observed between theory and experiment is that the difference
is caused by the form of the potential used in the distorted-wave
calculations. Younger [29] used a form of the potential,
known as the prior form, in which the incident and scattered
electrons see an N -electron potential while the bound and
ejected electrons are calculated in an N − 1 potential [33],
where N is the number of electrons in the ion. Dere [1]
used a different option, known as the post form, where all
the scattering amplitudes are calculated for an N − 1 electron
potential [34,35]. For S12+ the two theory cross sections are
similar, which suggests that the choice of potential makes little
difference here. This is expected for multiply charged atomic
ions since, for such ions, there is little difference between the N
and the N − 1 potentials [36]. Thus, the form of potential used
in the distorted-wave calculations seems unlikely to account
for the observed discrepancies between theory and experiment
near threshold.
In summary, we have developed a method for eliminating
the metastable contributions from a beam of Be-like ions by
using the hyperfine-induced decays combined with an ion
storage ring. With this technique we have measured the EII
cross section for S12+ from an essentially metastable-free
ion beam. The experimental cross section was found to be
in very good agreement with theoretical calculations. Thus,
our experimental benchmark strengthens the confidence in
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the theoretical methods that are presently used in ion balance
calculations for astrophysical and laboratory plasmas.
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